Abstract The fossil fuel resources which power the chemical and energy industries are shrinking or becoming increasingly expensive. Moreover, their excavation and consumption have a negative impact on the environment, including global warming. For these reasons, new, cleaner, resources are being sought to replace them, such as lignocellulosic biomass. The aim of this study was to determine the environmental impact of the production of seven new cultivars of willow grown in a commercial plantation for use in an integrated biorefinery. The characteristics of the production and transport of 1 tonne of dry willow chips for the minimum (cultivar UWM 155), maximum (cultivar UWM 006) and average yield have shown that the cultivar with the lowest yield has the highest impact on the environment for all the selected categories of impact (CML 2 baseline 2000 method). For the average yield across all the cultivars, at a transportation distance of 25 km, this study found a high environmental impact of mineral NPK fertilisation, biomass harvest and road transport. The stage of normalisation for the average yield showed that freshwater toxicity had the greatest impact on the environment of all the categories under study. The effect of the other categories was 22-76 % lower for abiotic depletion and global warming, respectively. GHG emission amounted to 36 kg CO 2 eq. per 1 Mg of dry willow chips transported for 25 km, and it increased with an increase in the transport distance by 24 and 71 % for 50 and 100 km, respectively. The lowest GHG emission per 1 Mg of dry chips was achieved for the production of the high-yielding biomass cultivars UWM 006 and UWM 043. Their chips could be transported for longer distances, i.e. 50 and 100 km, because their impact on global warming was much lower than the low-yielding cultivars UWM 155, Tur and UWM 035.
Introduction
Europe, as well as the whole world, is facing the problem of shrinking resources of fossil fuels. The peak of oil production will probably peak at 2030 [1] . The global oil production output in the period 2002-2013 increased by 11 %. New reserves of oil may be discovered all over the world, but it is usually more expensive to excavate than in the twentieth century due to an increasing share of production of oil from unconventional sources, such as tar sands. The peak of coal production will probably be achieved in 2025 as its resources are being used up more quickly than all other energy sources. Its consumption has increased by over 4 % annually during the past decade [2, 3] .
The production and consumption of fossil fuels entail serious environmental problems: emissions of GHG and, in consequence, aggravation of the greenhouse effect. The atmospheric concentrations of greenhouse gases: carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) have all increased since 1750 due to human activity [4] . In 2011, the concentrations of those gases exceeded pre-industrial levels by about 40, 150 and 20 % respectively. These changes will have serious environmental effects [4, 5] .
For these reasons, new, cleaner resources are being sought to replace fossil fuels and fossil-based products. Efforts have been stepped up over the past 10 years to replace those materials with renewable and cleaner sources [6] [7] [8] . Examples include integrated multi-product biorefineries, e.g. the EuroBioRef concept. This assumes highly integrated and diversified production, including multiple feedstocks (including lignocellulosic biomass), multiple processes (chemical, biochemical, thermochemical) and multiple products (aviation fuels and chemicals). A flexible approach will widen biorefinery implementation to the full geographical range of Europe. Products obtained in biorefineries can successfully replace those obtained from fossil fuels, thereby decreasing the demand for them. On average, the EU member states depend 53.8 % on fossil fuel supplies from third countries in 2011. The advantages of integrated biorefineries include the production of fuels in local plants located in EU Member States, which would make them less dependent on fossil fuels by obtaining feedstock from local biomass resources [9, 10] .
However, the obtained bioproducts should meet the condition of being renewable and produced in a sustainable manner. According to Directive 2009/28/EC, the emission of GHG from biofuel production should be decreased by at least 35 % and by over 60 % after 1 January 2018. This directive also requires that biofuels should be produced in a manner which protects areas with high natural value, forests and marshes [11] .
Lignocellulosic biomass has great potential for use in all conversion paths (thermochemical, chemical, biochemical) in an integrated biorefinery. It can also be obtained from forests, agricultural resources, as well as from waste. Lignocellulose can be used as feedstock in the production of over 30 intermediates for different products used in such branches as transport, production of textiles, food, packaging, cosmetics, construction materials and in leisure [7, 12] . Dedicated energy crops can be used as feedstock in biomass processing plants: herbaceous crops (Miscanthus spp.), short rotation woody coppices (willow and poplar species, black locust) and agricultural waste (straw, bean stalks, tree prunings) [13] [14] [15] [16] [17] . These species should be grown on agricultural land of lower quality, with low usability for edible crop production. This reduces the competition between edible and non-edible crops and has a smaller effect on direct and indirect land use change.
Short-rotation willow coppice can provide large amounts of biomass for biorefineries. Dry matter yield from commercial plantations ranges from 5 to 12 Mg ha −1 year −1 and can reach 30 Mg ha −1 year −1 on experimental field trials with good quality soils [18] [19] [20] [21] [22] . As mentioned, the idea behind the biorefinery concept is that energy should be produced in a sustainable manner. Therefore, obtaining biomass, which starts a logistical product chain, should have a small effect on the environment as possible. Life cycle assessment is a standardised method to examine or compare the effect of plants produced for industry or as an energy source (or any other product). According to the ISO 14040 standard, life cycle assessment is a compilation and evaluation of the inputs, outputs and the potential environmental impact of a product system throughout its life cycle [23] . LCA has its origin in studies conducted (by different companies, e.g. Coca-Cola) on energy effectiveness in the 1960s. However, it did not catch on until the 1990s, when its widely accepted methodology was developed, including the ISO 14040-14044 standards [24] . The method was developed in the industrial sector, where the environmental impact was determined on the basis of streams of consumption of energy, raw materials and measurements of emissions from processes used in a specific technology. Currently, a number of studies are being conducted on the use of the method in many sectors of the economy. During the past 10 years, LCA has been used to determine the environmental impact of the agricultural sector in the production of meat, wool, dairy cow breeding, milk production, the production of fruit and vegetables in greenhouses and in field and growing energy crops, such as poplar, miscanthus and willow. The possibility of determining GHG emission levels is one of the major advantages of LCA in examination of the environmental impact of perennial energy crops [25] [26] [27] [28] [29] [30] [31] [32] . Moreover, owing to LCA, it is possible to determine the entire environmental impact of the means of production, machines, equipment and energy during the process of willow production. Since lignocellulose can be an alternative feedstock for production of energy, biofuels and bioproducts, it is important to determine its environmental impact, to see if it meets the conditions set out for renewable biomass materials. For example, in the USA, LCA is a tool which is required by the US Energy and Investment and Security Act to determine the GHG reduction for advanced renewable fuels [33] .
Therefore, the aim of this study was to determine the environmental impact of production of seven new cultivars of willow grown on a commercial plantation, set up on soil with low usability for the production of edible crops, for an integrated multi-product biorefinery. It was assumed in the experiment that the production technology would be analysed from the cradle to the gate of a biorefinery. Moreover, three different distances of biomass transport from the plantation to the biorefinery were analysed in the study.
Materials and Methods
In order to determine the environmental impact of the biomass production of seven willow cultivars for a biorefinery in a 3-year harvest cycle, the study methodology was based on the following standards: PN-EN ISO 14040 BEnvironmental management-Life cycle assessment-Principles and framework^ [23] and PN-EN ISO 14044 BEnvironmental management-Life cycle assessment-Requirements and guidelinesB [34] . The data accumulated in the experiment were subjected to LCA using SimaPro 7.3.2 software (Pré Consultants bv).
Description and Location of the Willow Plantation
A 10.5-ha commercial willow plantation was established in April 2010 at the Educational Research Station in Łężany owned by the University of Warmia and Mazury in Olsztyn (UWM). It is located in north-eastern Poland near the village of Samławki (53°59′ N, 21°05′ E). Three varieties of willow, protected by rights and registered at the Polish Research Centre for Cultivar Testing, as well as four new unregistered clones, were planted on the plantation. All of them were developed by the Department of Plant Breeding and Seed Production of the University of Warmia and Mazury in Olsztyn: the Salix viminalis varieties: Start, Tur and Turbo, and the clones: UWM 006 S. viminalis, UWM 043 S. viminalis, UWM 035 Salix pentandra and UWM 155 Salix dasyclados (further in this paper referred to as cultivars).
The planting density was 18,000 plants ha −1 . The plant harvest was planned for 3-year cycles, which is optimal for willow cultivation on large plantations considering plant productivity and machine availability for a single stage biomass harvest technology. The forecrop for the willow plants was triticale. Soil of low quality and usefulness for typical annual crops were selected for the willow plantation. The relatively poor soil site allowed the willow yield potential to be evaluated in areas of little use for food or feed crops. The study area is situated in a specific region, over a young glacial area with a varied terrain relief. The surface is undulating. Although the average willow field height differences amount to about 1.5 m and they reach up to 3.5 m, the area is reasonably flat with no large hills or valleys. The conducted soil analyses showed that the willow plantation was located mainly on soil created from slightly loamy sand and light loamy sand.
Generally, the land in elevated areas causes the soil to be permanently too dry (in periods with no precipitation) due to rapid drainage, and the groundwater level is far below 150 cm.
LCA Methodology

Goal, Scope and Functional Unit
The aim of the study was to conduct a life cycle assessment of seven willow cultivars in a 3-year harvest cycle and their environmental impact, particularly GHG emissions depending on the transport distance adopted. Another goal was to identify the links (processes) with the most negative impact on the environment.
The environmental impact of a specific amount of biomass supplied to an integrated multi-product biorefinery was analysed. One milligram of dry willow chips was determined as the main functional unit in the system under study. This unit is useful in the analysis of willow biomass utilisation in varied conversion technologies to obtain different products in an integrated biorefinery.
Due to the wide-ranging nature of the study, the data on emissions per one hectare of the plantation are provided in Appendix Table 6 and allow calculations for each functional unit.
System Description
The willow production process until the biorefinery gate was adopted as the system boundary (Fig. 1) at the abovementioned doses were applied following each harvest of crops. Throughout the period of the use of the plantation, a total of seven fertilisation treatments were applied.
After the third year of growth, willow crops were harvested with a single stage harvester Claas Jaguar 830 with a header dedicated for energy crops. Chips were collected from the harvester with three New Holland TM 130 tractors with T 169/2 trailers. Willow chips were transported to the farmstead, where they were unloaded. They were then loaded (with a Manitou Scopic MLT 735 telescopic loader) onto trucks and transported to the conversion plant. The road transport was conducted with 80 m 3 containers, which totalled 25 tonnes of fresh chips per run. Three road transport distances were adopted: 25, 50 and 100 km. The same distance after biomass unloading was added. Although it is assumed that biomass transport should not exceed approx. 30 km, transporting it to a distance exceeding 200 km is often cost-effective. Therefore, for practical reasons, longer transport distances were also analysed. It was assumed that the plantation would be operated for 21 years, and the plants would be harvested in seven cycles every 3 years. The plantation was liquidated (re-established) after 21 years of operation. The SRWC willow plantation liquidation involved mechanical desintegration of root stocks remaining over the plantation area using a New Holland TM 175 HP tractor with a rototiller.
The amount harvested in the first year and in the other years was assumed to be the same. Our multi-year studies have shown that an increase in yield is achieved in the second and third cycle of willow harvest. However, the yield may decrease in subsequent (4-7) harvest cycles due to the accumulation of diseases, pests and plant mortality [35] . In consequence, mean biomass yield in subsequent harvest cycles is similar to the first harvest cycle. The average dry matter yield in the first rotation was 21.8 Mg ha . The highest biomass and energy yield was obtained from the cultivar UWM 006, and the lowest yield was from UWM 155 (Table 1 ) [35] .
The willow chips production data for the 3-year cycle was based mainly on the author's studies, the EcoInvent 2.2 database and additional estimation data and surveys. The technical and operational parameters of agricultural machines were based on our research and the data contained in the catalogue of agricultural machines [36] and in materials published by manufacturers of tractors and machines. Detailed sources of the above data were included in Tables 2 and 3 . The study took into account the environmental impact of emissions from the production process of herbicides, mineral fertilisers, fuels (data from EcoInvent) and emissions resulting from the application of nitrogen and phosphorus fertilisers (data from literature, described in detail further in the method section). The system boundaries also included the amount of carbon bound in the soil in the process of growing SRWC willow (data from literature; the methods are described further in the method section). The study did not take into account the environmental impact of the production of agricultural machines and equipment due to their low impact on LCA. This assumption is based on the completed LCA analyses which show that the impact of the production of these machines on the analysis is negligible compared to their exploitation. However, the production and use of road transport vehicles were included in the analysis due to the effect of their impact, not only on the services, but also on road construction and renovation (emission based on EcoInvent).
Organic Carbon
The amount of carbon bound in the soil in the process of growing perennial energy crops is estimated at 0.33 to 2.27 Mg CO 2 eq. ha year −1 , depending on the plant species, harvest cycle, agrotechnical procedures, etc. [25, 37, 38] . The amount of sequestered carbon was found to be closely linked to the yield Mean±standard deviation; a, b, c… homogenous groups [38, 39] . Consequently, it was assumed that the amount of sequestered carbon for different cultivars of short-rotation willow would correspond to the values noted by Grogan and Matthews [39] , who found that carbon sequestration increases proportionally to the willow biomass yield. Thus, the assumed level of sequestration was from 0. [38] . Moreover, since carbon bound in plant litter (fallen leaves) and roots are mineralised within a short time [40, 41] , it was assumed that the amount of organic carbon bound in soil during the period of the operation of the plantation should be decreased by the amount of organic carbon mineralised from crops' parts. It was adopted based on studies conducted in Poland which found that 42 % of biomass from leaves and roots is permanently bound in soil [41] .
Emissions from the Utilisation of Nitrogen and Phosphorus Fertilisers
Nitrous oxide emissions from the use of mineral fertilisers, according to IPCC [42] , may range from 0.25 to 2.25 % of the N in the fertiliser used. The default recommended value is 1.25 %. However, according to some studies, emission of this gas may be several times higher than the value recommended by IPCC [43] . Therefore, in order to avoid underestimation of this factor in the study, an upper limit of 2.25 % N 2 O kg N −1 from the mineral nitrogen fertiliser was adopted. Emission of ammonia to the atmosphere from the nitrogen fertiliser was based on the ECETOC report [44] , in which the average emission was 2 % NH 3 kg N −1
. Emission of nitrates caused by the leaching of nitrogen from mineral fertilisers was taken at 14 % NO 3
, and leaching of phosphates at 1 % PO 4 2− kg P −1 [45] .
Life Cycle Impact Assessment
The life cycle impact assessment of willow cultivation was determined by the CML 2 baseline 2000 method, of which 6 categories of environmental impact were selected. Considering the volume of the manuscript, the authors present the categories which, according to the authors, are important for SRWC plant cultivation and have an effect on agricultural areas. Similar assumption was made by other authors [24, 46, 47] . The results for the other categories were included in Appendix Table 6 . Selected categories are:
1. Abiotic depletion: This impact category indicator is related to extraction of minerals and fossil fuels due to inputs in the system (fuels production and use, mineral fertilizers production, plant protection products production, etc.). 2. Acidification: This category includes substances with a wide range of impact on soil, groundwater, surface water, organisms, ecosystems and materials (buildings). Agricultural production contributes to acidification due to the use of mineral fertilisers. 3. Eutrophication (also known as nutrification) includes all effects due to excessive levels of macronutrients in the environment caused by emissions of nutrients to air, water and soil. Here, agricultural production has a strong impact through the use of fertilisers being rich in nitrogen and phosphorus as well as due to the runoff of these components to waters and the eutrophication thereof. 4. Global warming (GWP 100) is related to the emission of greenhouse gases and is expressed as global warming potential for a 100-year time horizon (GWP100). This indicator is, in this study, very important in view of the determination as to whether or not willow chips may meet the conditions set out for renewable biomass materials. 5. Freshwater aquatic ecotoxicity: This category indicator refers to the impact on freshwater ecosystems, as a result of the emission of toxic substances to air, water and soil. The use of production resources, i.e. plant protection products, fertilisers and fuels, may exert a direct impact on both aquatic and terrestrial biota (this also concerns the next point, 'terrestrial ecotoxicity'). 6. Terrestrial ecotoxicity: This category refers to the impact of toxic substances on terrestrial ecosystems as a result of the emission of toxic substances [48] .
After entering inputs and outputs to the SimaPro 7.3.2 program (classification), calculations were made of the environmental impact (characterisation). In order to compare the environmental impact of individual categories, normalisation was applied.
The environmental impact scores of LCA are often presented in units that are difficult to understand and compare. One easier way to interpret such scores is to normalise them, i.e. by dividing received scores by a reference scores. All impacts from different categories such as climate change, eutrophication, acidification, etc. are compared, for example, to the annual impact on an average citizen. Thus, normalisation gives an idea of an impact's magnitude.
Normalisation is regarded as optional for simplified LCA, but mandatory for detailed LCA. For each baseline indicator, normalisation scores are calculated for the reference situations. For this purpose, the normalisation result 'world 1990', based on emissions in 1990, was used. The normalised result for a given impact category and region is obtained by multiplying the characterisation factors by their respective emissions. The sum of these products in every impact category gives the normalisation factor (impact per 1 world citizen). When interpreting the results of this study, it should be remembered that the impact categories are based on the indicators rather than real measured emissions to the environment. Real emissions could differ from the assumed indicators since they depend on such factors as soil type, climate, temperature, level of ground waters, terrain relief, type of cultivation, etc. Thus, although these assessments can be beneficial, the results also need to be interpreted with caution.
Results and Discussion
Characterisation and Normalisation
Comparative characteristics of the production and road transport (distance of 25 km) of 1 tonne of dry willow chips for the minimum (cultivar UWM 155), maximum (cultivar UWM 006) and average (of all the seven cultivars) yield have shown that the cultivar with the lowest yield has the highest impact on the environment (Table 4 ). Therefore, one may claim that the contribution and level of environmental impact of different stages of willow biomass production process changes with the level of yield. The impact of production of 1 Mg d.m. of chips of cultivar UWM 006 was 2 to 3 times lower than that of cultivar UWM 155.
An analysis of the characterisation of the production of 1 tonne of dry chips for an average yield reveals a high contribution of mineral fertilisation (Fig. 2) . Nitrogen fertilisation (ammonium nitrate) alone accounted for 29 % in the abiotic depletion category and to 59 % for global warming. When we include phosphorus fertilisers (triple superphosphate) and potassium fertilisers (potassium chloride), the figures increased to 38 and 74 %, respectively. A single stage harvest with a combine harvester had a considerable contribution, although not as high compared as mineral fertilisation. It was considerable for abiotic depletion (30 %), acidification (28 %) and global warming (18 %). Moreover, road transport had a significant contribution to abiotic depletion (15 %) and freshwater aquatic ecotoxicity (11 %). Figure 3 shows a positive effect of organic carbon sequestration in soil under the willow plantation on reducing global warming (by 67 %).
The level of emissions converted to 1 Mg d.m. of willow chips transported to a biorefinery not only affected the level of environmental emissions (Table 4) , but also the percentage contribution of different stages of production. Figure 3 shows the results of the characterisation of the effect of different stages of willow production in the production of cultivar UWM 155 (minimal yield) and Fig. 4 for cultivar UWM 006 (maximal yield). The inputs for setting up and running the plantation per 1 Mg d.m. were comparable, both for the minimal and the maximal yield. This did not include N and PK fertilisation, whose contribution was much higher in the production of cultivar UWM 155. The procedures accounted for 29 % in freshwater ecotoxicity and up to 85 % for eutrophication. On the other hand, the figures for UWM 006 were 15 and 62 % respectively. Moreover, a much higher input in willow chip production processes was recorded for a cultivar which gives a higher yield, which was associated with much higher inputs in single stage harvesting and biomass transport. For example, the contribution to a single stage harvest, as well as field and road transport, was up to three times higher for UWM 006 than for UWM 155. A comparison of the effect of organic carbon sequestration in soil on a reduction of GHG emission in the global warming category showed that it was lower for the minimal yield (58 %) than for the maximal yield (73 %). A greater reduction of GHG emissions for UWM 006 was attributed to a higher dry matter yield on the plantation area.
Characterisation does not give a full answer to which categories of the CML 2 baseline 2000 have the greater negative impact on the environment. Therefore, an additional LCIA parameter was used-normalisation (Fig. 5) . Its result for the average (transport distance 25 km) yield showed that freshwater toxicity had the greatest impact on the environment. The effect for abiotic depletion was also high, but it was lower by 22 %. It is noteworthy that the global warming category had the lowest environmental impact due to high organic carbon sequestration in soil on the willow plantation. Therefore, it can be concluded that the production of willow chips does not have as strong an impact on GHG emission as on other environmental factors associated with consumption of means of production, i.e. mineral fertilisers, pesticides and fossil fuels.
When considering the above values in terms of the impacts per capita in 1990, it can be concluded that they are very low and range from 0.000000012 % of the climate change impact to the highest value of 0.000000051 % for freshwater ecotoxicity impact per capita in the year 1990. It can therefore be stated that the effect of the willow cultivation system is virtually insignificant per capita in the year 1990. Certainly, if more recent methods for standardisation were employed, e.g. the latest ILCD method based on the data for EU-27 from 2010, these results would be different. For example, since 1990, the emission of greenhouse gases has increased, while the number of inhabitants in the EU has not changed significantly. This could increase the impact per capita. One can also assume that the impact of freshwater ecotoxicity per an average EU-27 citizen in 2010 will be less significant due to the use of less production resources manufactured in an energy efficient manner, and being less toxic to the environment. Obviously, these considerations require further research. These results are consistent with the earlier findings of these authors in willow production in 1-and 3-year harvest cycles, and they confirmed that production and use of mineral fertilisers are responsible for the majority of emissions in the impact categories under study. The contribution of NPK fertilisation, in the global warming category, was as high as 84 % in the 1-year and 70 % in the 3-year harvest cycle [29] . Similarly, in a study by Gasol et al. [49] on the poplar bioenergy system, the greatest environmental impacts were associated with the manufacturing and use of fertilisers, representing 51-67 % in the following categories: global warming,
Global warming (GWP100)
Fresh water aquatic ecotox. Fig. 4 Characterisation of different stages of production and transport of the maximal yield of willow (cultivar UWM 006) at a distance of 25 km. Legend as in Fig. 2 freshwater aquatic ecotoxicity, marine aquatic ecotoxicity and terrestrial ecotoxicity. González-García et al. [50] found a high impact of willow nitrogen fertilisation in the production of electricity. It accounted for 56 % in the eutrophication category. Moreover, a high environmental impact of acidification was reported [51] . The impact of the process was nearly three times higher than that of eutrophication. Short rotation woody crops, such as willow, have a lower or similar environmental impact compared to other perennial energy crops. Their impact is even 2-3 times lower than annual crops, grown for food or as feedstock in energy generation or for industry [25, [51] [52] [53] . However, optimisation of the production of willow for biorefineries should be continued because, according to González-García et al. [50] , the production of willow chips for bioethanol was the main source of impact concerning abiotic depletion, eutrophication, ozone layer depletion and cumulative energy demand.
Unfortunately, the system of subsidising of traditional agriculture in the European Union encourages the use of technologies oriented towards maximising yield per ha and increasing farm areas, which results in higher profits by farmers. Production becomes increasingly intensified, resulting in higher environmental impact [54] . For example, only 30-50 % of the components of nitrogen fertilisers and 45 % of those of phosphorus ones are used by a crop. The remaining nutrients are removed to water, soil and air. Poland, where these studies of LCA in willow production were conducted, is responsible for 30 % of direct emissions of nitrogen and phosphorus to the Baltic Sea. One of the main causes for the poor condition of the Baltic is agriculture [55] , which supplies about 40 % of the nitrogen load and 50 % of the phosphorus load. Moreover, acidification is also regarded as a process for limiting plant production in Poland and having an impact on the environment [56] . Therefore, according to the authors, the replacement of the annual plants cultivated for chemical and energy purposes with SRWC plants may result in lower emissions of nutrients and, thus, in lower environment eutrophication and acidification.
Global Warming
The emission of GHG from production and transport of willow chips, without carbon sequestration, amounted to 107.66 kg CO 2 eq. Mg −1 d.m. on average in road transport for 25 km ( d.m.). A high level of GHG emission was determined for the cultivars of Tur and UWM 155. Based on the above data, it could be concluded that for higher yields of biomass obtained with an properly selected willow cultivar, with the same investment into the establishment of a plantation and a larger investment into biomass harvest (when compared with lowyielding cultivars), the biomass transportation results in greater limitations of GHG emissions. (Table 5) , which gives only 2.12 kg CO 2 eq. per 1 GJ of energy in willow chips transported for 25 km (Fig. 6 ). The adopted model of carbon sequestration from willow biomass (litter and roots) assumed its increase with increasing biomass yield [36] Fig. 6 ). It is very important to minimise the effect of plantations on global warming, and this issue should be carefully considered in biomass production for biorefineries or for energy generation. These findings, as well as other studies, have shown that the emission of GHG from the production of SRWC is low. In previous studies by these authors, GHG emission amounted to 5.9 kg CO 2 eq. GJ −1 from biomass production in a 1-year harvest cycle and 0.8 kg CO 2 eq. GJ −1 in 3-year harvest cycle [29] . Similar results were obtained by Heller et al. [40] , where emissions for a 3-year harvest cycle amounted to 0.68 kg CO 2 eq. GJ −1 . On the other hand, GHG emission from the production of willow examined by Brandao et al. [25] was similar (2.6 kg CO 2 eq. GJ −1 ). The latest American studies have shown that GHG emission can even be negative (from −2.7 to −6.9 kg CO 2 eq. GJ −1 [31] , which is caused by large carbon sequestration in soil and lower demand for fuels than in this study. These differences in emission usually depend on the adopted methodology. According to the review of Djomo et al. [57] on LCA in production of poplar and willow, GHG emission to farm gate in different studies ranged from 0.6 to 10.6 kg CO 2 eq. GJ −1 .
Emission in those studies was 1.12, 1.61 and 2.60 kg CO 2 eq. GJ −1 in the production of willow chips and their transport for 25, 50 and 100 km, respectively. Since the aim of the paper was a life cycle assessment of lignocellulose material used mainly for chemical purposes, the main functional unit was willow dry matter (1 t d.m.). In this way, the LCA of willow production and transportation could be compared with other raw materials used in integrated biorefineries. Nevertheless, some of the raw material may be used for more traditional purposes such as electricity or heat production instead of fossil fuels, e.g. natural gas, heating oil and hard coal.
Greenhouse gas emission from only burning of natural gas (excluding its extraction, transport, etc.), which is regarded as a clean fuel, is 23 times higher than that from willow growing system analysed in this study. Compared to heating oil and hard coal, willow cultivation is even more beneficial. GHG emission from only burning these fuels is, respectively, 30 and over 39 times higher than GHG emission from the entire willow production system and from willow burning [58] .
Using willow biomass for the production of bioenergy as a substitute for energy produced from fossil fuels has a positive GHG balance and reduces the greenhouse effect [59, 60] . A study of Kimming et al. [61] shows that production of heat and electricity for 150 household village in Sweden can reduce greenhouse gas emissions considerably compared to the natural gas-based system. Two willow systems emitted from 6 to 8 times less GHGs than natural gas-based system. In research of Styles and Jones [62] , the biomass-based system emitted even much less GHGs compared to the fossil-based systems. Miscanthus and SRCW-based electricity production systems emitted 0.131 and 0.132 kg CO 2 eq. kWh −1 electricity, respectively, compared with 1.150 and 0.990 kg CO 2 eq. kWh −1 electricity for peat-and coal-based systems.
Conclusions
In the present study, an analysis was made of the environmental impact of the production and transport of SRWC willow as alternative feedstock for the production of energy, biofuels and bioproducts using the LCA method. Efforts can (and should be) made to reduce the contribution of the weak links of the life cycle, which have a detrimental impact on the environment. This study has Fig. 6 Greenhouse gas emissions (kg CO 2 eq.) per 1 GJ of energy in willow chips depending on the transport distance revealed the high environmental impact of fertilisation, harvesting and transport of biomass, and the impact of the two latter factors is especially significant at high yields. A high impact of eutrophication was also observed, caused by the use of nitrogen and phosphorus fertilisers. This should be minimised due to the fact that Polish agriculture is largely responsible for pollution of the Baltic Sea. Since the production of plants such as SRWC willow does not require high levels of nitrogen or phosphorus fertilisation, these negative environmental effects of agriculture may also be limited. A reduction in GHG emission could be achieved by using organic fertilisers instead of nitrogen-mineral fertilisers. Black et al. [63] found that this reduced the GHG emission by nearly 30 % when converted to 1 Mg d.m. of willow. Fuel consumption can be reduced, especially by more effective use of machines in harvest and better organisation of field transport.
Road transport of biomass had a considerable impact on environmental emissions, especially those of greenhouse gases. Therefore, only chips obtained from highyielding cultivars, i.e. UWM 006 and UWM 043, could be transported to longer distances of 50 and 100 km because their impact on global warming was much smaller than the low-yielding cultivars UWM 155, Tur and UWM 035, even when biomass was transported for 100 km. On the other hand, the justifiability of transport for such long distances should be considered because GHG emission increased significantly with increasing transport distance for high-yielding cultivars. 
